The mining, fuel enrichment-fabrication, and waste-management stages of the US commercial nuclearfuel cycle have been documented as involving environmental injustices affecting, respectively, indigenous uranium miners, nuclear workers, and minorities and poor people living near radioactive-waste storage facilities. After surveying these three environmental-injustice problems, the article asks whether US nuclear-reactor siting also involves environmental injustice. For instance, because high percentages of minorities and poor people live near the proposed Vogtle reactors in Georgia, would siting new reactors at the Vogtle facility involve environmental injustice? If so, would this case be an isolated instance of environmental injustice, or is the apparent Georgia inequity generally representative of environmental injustice associated with nuclear-reactor siting throughout the US? Providing a preliminary answer to these questions, the article uses census data, paired t-tests, and z-tests to compare each state's percentages of minorities and poor people to the percentages living in zip codes and census tracts having commercial reactors. Although further studies are needed to fully evaluate apparent environmental injustices, preliminary results indicate that, while reactor-siting-related environmental injustice is not obvious at the census-tract level (perhaps because census tracts are designed to be demographically homogenous), zipcode-scale data suggest reactor-related environmental injustice may threaten poor people (p Ͻ 0.001), at least in the southeastern United States.
INTRODUCTION

E
xamining possible environmental injustice (EIJ) associated with siting commercial US nuclear reactors is important for at least five reasons.
1. Even when reactors operate normally, statistically significant increases in infant and fetal mortality near US reactors, 1 in childhood leukemia near German reactors, 2 and in cancer near UK reactors, 3 suggest that (even without any accidents) those living near reactors could face higher health risks. 1,4,5 2. In the event of a reactor accident, those living nearby also could be most at risk, as suggested by increases in lung cancers and leukemias after the 1979 Three Mile Island, Pennsylvania accident. 6 3. Minority and poverty-level communities often include higher percentages of women and children, both of whom are more sensitive to ionizing radiation, yet most radiation standards are devised to protect only adult males. 7,8 4 . Because indigenous uranium miners, nuclear workers, and minorities and poor people living near radioactive-waste dumps have experienced EIJ (see later paragraphs), it is important to ask whether there also is reactor-siting-related EIJ. 5. Few scholars have addressed this question, although some citizens' groups note higher percentages of minorities or poor people living near nuclear plants, 9 and some scientists suggest children, minorities, and poverty-level people are more sensitive than others to the roughly 100 radioisotopes routinely emitted by reactors. 1, 4, 5 This article first summarizes already-documented cases of nuclear-related EIJ, then briefly surveys the proposed siting of the Vogtle reactors in Georgia, where the utility uses questionable criteria for assessing EIJ. Third, using census data, paired t-tests, and z-tests, the article investi-gates whether the apparent EIJ at sites like the Grand Gulf, Mississippi reactor is representative of other US nuclear-siting cases. Although further studies are needed to fully evaluate apparent environmental injustices, the article concludes that, while reactor-siting-related EIJ is not obvious at census-tract levels, zip-code data suggest reactor-related EIJ threatens threaten poor people (p Ͻ 0.001), at least in the southeastern United States.
DISCUSSION
Nuclear generation of electricity involves a complex fuel cycle of at least nine stages: (1) mining uranium; (2) milling it; (3) converting it to uranium hexafluoride, UF 6 ; (4) enriching the UF 6 ; (5) fabricating nuclear fuel; (6) generating electricity; (7) reprocessing spent fuel; (8) interim storing of radioactive waste; and (9) transporting and permanently storing wastes. 10 Because nuclear power has been used for more than half a century, researchers already have documented (see below) many cases of EIJ in nuclear-fuel-cycle stages (1) , (2)- (5), and (9) .
At stage (1) , mining uranium, in most major uraniumproducing nations of the world (e.g., Canada, Australia, Kazakhstan, Niger, Russia, Namibia, Uzbekistan, United States), indigenous peoples have been harmed either by working in unregulated uranium mines; by exposure to uncontrolled uranium wastes on native lands; or by risky uranium mining/processing on their lands, although they failed to consent to these operations. 11 In Canada, for instance, all uranium mining is on lands claimed by, or directly affecting, indigenous groups. 12, 13 In the United States, Native-American uranium miners, e.g., Navajos, face 14 times the normal lung-cancer risk, "most" of which has been caused by their uranium-mining, not smoking. 14 The US government admits that it failed to require uranium-mine ventilation, failed to disclose radiation risks to Navajo miners, and had "no plausible justification" for allowing massive exploitation of Native-American uranium miners. 11 In 2005, Navajo Nation demanded a moratorium on uranium mining/processing on its lands (a moratorium not honored by the US government) until ongoing damages have been assessed and remedied. These damages include inadequate compensation for radiation-induced disease among native miners, no permanent closure/decontamination of hundreds of uranium-mining/ processing sites that continue to expose native peoples, and no ongoing medical studies of the health status of Native Americans affected by uranium mining. 15 In stages (2)-(5) of the nuclear fuel cycle, tens of millions of radiation workers, including nearly two million in the United States, 16 also have faced EIJ. US nuclear-facility owners legally may expose workers to annual radiation doses up to 50 times higher than those allowed for members of the public, 17 although there is no safe dose of ionizing radiation. 7 Yet radiation workers typically receive no hazard pay or compensating wage differential. 3 Often they also do not voluntarily accept dangerous nuclear jobs but take them because of economic necessity, 3 because government falsification of worker radiation doses has mislead them, 18, 19 or because flawed radiation standards, flawed risk disclosure, and flawed workplace-radiation monitoring cause them to underestimate risks. 20 Yet the risks are substantial. The International Agency for Research on Cancer (IARC) shows roughly 1 additional fatal cancer each time 60 people are exposed to the maximum-allowable, annual occupational-radiation dose of 50 mSv. 20, 21 US nuclear-waste policies in stages (8)- (9) , radioactive waste transport/storage, likewise have already caused EIJ (as serious contamination at Hanford, Maxey Flats, Savannah River, and other cases have shown), and EIJ also is likely when future waste-containment canisters faillong before the million years that (the US National Academy of Sciences says) nuclear wastes must be completely secured. 22 Because the US government has falsified and manipulated data on radioactive-waste risk 22, 23, 24 (much of which will be borne by Appalachian, Latino, and Native-American populations, who live in higher proportions near existing and proposed nuclear-waste-storage sites), 3 United Nations and nuclear-industry studies warn that the US government may underestimate future wasterepository-radiation doses by 9-12 orders of magnitude. 25 Yet even if proposed future US nuclear-waste standards are met, their leniency likely will impose EIJ on future generations. After 10,000 years, they would allow exposures of 100 millirems/year (limits 1,000 percent higher than current standards for US Department of Energy facilities). They also use only mean or average dose to assess regulatory compliance. This means that, provided that the average person's exposure is no more than 100 millirems, many other people would be allowed to receive higher, even fatal, doses. 8, 26 EIJ and siting the proposed Vogtle nuclear reactors
In addition to EIJ associated with uranium mining, uranium-fuel milling/conversion/enrichment/fabrication, and waste transport/management, commercial reactor siting also may involve EIJ. That is, disproportionate numbers of reactors may be placed in African-American, Hispanic, minority, or poverty-level neighborhoods. Consider the Vogtle nuclear facility in Waynesboro, Georgia. In 2006 Southern Nuclear Operating Company (SNOC) proposed two additional reactors for Waynesboro. 27 Currently SNOC's Early Site Permit Application, 28 as well as its Combined Construction Operating License, are under Nuclear Regulatory Commission review. 29 Because SNOC uses at least three flawed criteria for assessing EIJ, it likely errs when it denies that the Vogtle facility causes EIJ for minority and poverty-level populations. 30 According to these criteria, SNOC considers EIJ to exist only if (1) census blocks within the full, 50-mile radius of the facility include high minority/poverty-level populations; (2) these census blocks have either (a) greater-than-50-percent-minority/poor population, or (b) a minority/poor population that exceeds the averages for Georgia or South Carolina by at least 20 percentage points; 31, 32 and (3) the facility is located amid dense population. 33 Consider (1)- (3) in order.
Criterion (1) arguably dilutes potential EIJ effects by using a 50-mile radius, 31 instead of assessing closer minor-
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ity/poor populations. Obviously the greater the distance from a risky facility, the less likely are risks, therefore EIJ. Besides, the classic National Cancer Institute (NCI) study (of cancer rates near nuclear plants) says areas 30 (not 50) miles from a nuclear plant are those most likely to be affected by emissions. 1, 34 Criterion (1) also ignores wind patterns relative to minority/low-income census tracts; areas downwind of Vogtle would likely experience greater risks.
SNOC use of criteria (2)(a) and (2)(b) likewise are unrealistic and unfair. Regarding (2)(a)-which requires 50 percent minority/low-income population within a 50-mile radius of Vogtle to show EIJ-consider that in the US, average state low-income populations range from 4.3 to 16 percent ( Table 1 ). This means that showing incomerelated EIJ, under (2)(a), would require showing low-income populations (within 50 miles of Vogtle) that were 3-12 times greater than the state average (Table 1) . Even a doubling of low-income groups near Vogtle would not count as EIJ, under criterion (2)(a). Regarding criterion (2)(b)-which requires minority/low-income populations 20 percentage points above Georgia or South Carolina averages, to show EIJ-Georgia and South Carolina already have minority populations of about 30 percent (Table 1) . To show EIJ, criterion (2)(b) thus requires nearly doubling (over the state average) the percent-minority population residing near Vogtle.
Using these arguably unrealistic and unfair EIJ criteria (2)(a)-(2)(b), SNOC says 183 census-block groups (37.3 percent within a 50-mile radius of Vogtle) meet criterion (2)(a) for minority populations; 14 census-block groups (2.8 percent) meet criterion (2)(a) for poverty-level populations; 168 census-block groups (34.2 percent) meet criterion (2)(b) for minority populations; and 72 censusblock groups (14.7 percent) meet criterion (2)(b) for poverty-level populations. 31 Using the preceding data and anecdotal evidence collected from two phone interviews, SNOC admits: "some existing communities within the [50-mile-radius] area exhibit disproportionately high percentages of minority (primarily Black races) and lowincome populations." 30 Because SNOC says these highdensity minority/low-income areas are "scattered," SNOC concludes that "there were no environmental justice effects to consider with respect to densely populated minority or low-income peoples." 30 As the preceding quotation reveals, EIJ criterion (3) of SNOC likewise is unrealistic and unfair because it recognizes only "densely-populated" minority/low income residents as EIJ victims. Yet whether EIJ victims live in sparsely-populated (rural), or densely-populated (urban) areas is logically irrelevant to whether they are EIJ victims of discrimination. Criterion (3) essentially excludes all rural cases of EIJ. Further bias in assessing EIJ is evident when SNOC uses EIJ criterion (3) and lists Augusta, Georgia (population 195,182) 35 as the nearest (26 miles away) population center to Vogtle. 33 It defines "population center" as having greater than 25,000 residents, 33 then claims the Vogtle facility is located in a sparsely populated area. 33 This claim is questionable because Vogtle is directly located in largely-minority, largely low-income Waynesboro, Georgia, whose population is 5,813. 36 Thus although Vogtle satisfies none of SNOC's three EIJ criteria, because all the criteria are scientifically suspect, siting the Vogtle reactors may well involve EIJ.
Anecdotal evidence for EIJ in US nuclear siting
Apart from questionable EIJ criteria used in the preceding Georgia case, does EIJ typify other US nuclear-siting cases? Consider the Grand Gulf Nuclear station, in Port Gibson, Mississippi. Some Mississippi citizens' groups claim this reactor was sited under EIJ conditions because its home-county population is 85 percent AfricanAmerican, and 33 percent poverty-level. 1, 9 On one hand, as Table 1 reveals, census data (from zip codes in which the 104 US nuclear facilities are located) suggest nuclear plants are often sited in zip codes having higher percentages of African-American/Hispanic/minority/poverty-level residents than is average for their home states. On the other hand, the fact that 42 of 104 zip codes (in which nuclear plants are located) have higher-than-average populations (of these EIJ victims) may not show that US commercial nuclear siting involves EIJ. Even without nuclear-related EIJ, one would expect half of the minority/low-income populations (in zip codes where roughly half (52) of US commercial nuclear reactors are located) to be above the state average, and roughly half below. Also, there is a timegap in the zip-code demographic data. These data are recent, while many nuclear plants were built 30-35 years ago, when vulnerable populations may not have lived nearby. Moreover, because Table 1 reveals nothing about how far above (or below) average are the percentages of vulnerable populations living near nuclear plants, it provides little reliable evidence regarding EIJ.
Types of, and conditions for, nuclear-siting-related EIJ
To provide a more reliable, preliminary assessment of possible EIJ in commercial nuclear-reactor siting, we first categorized at least four types of EIJ. EIJA, EIJH, EIJM, and EIJP refers to EIJ that impacts, respectively, AfricanAmericans, Hispanics, minorities, and poverty-level residents. ("Minority" refers to any individual who does not self-identify as "white" in the national census.)
We define EIJA, EIJH, EIJM, and EIJP, respectively, as instances in which at least two necessary conditions are met: (1) the percentage of the population that is, respectively, African-American, Hispanic, minority, and poverty-level, in a given nuclear-reactor geographic area (zip code or census tract), is higher than the respective average-percentage for the state in which the reactor is located, and (2) statistical data show that these higher percentages are unlikely to be due purely to chance. Providing a preliminary statistical assessment of nuclear-sitingrelated EIJ, this article examines (1) and (2).
Zip-code-scale and census-tract-scale statistical evidence regarding nuclear-siting-related EIJ Each potential instance of EIJ (EIJA, EIJH, EIJM, EIJP) was analyzed using z-tests and/or paired t-tests to compare individual zip-code demographic data (on minor- Asterisks (*) indicate a potential environmental-injustice (EIJ) problem, which is defined as a plant located in a zip code that has a numerically greater percentage of African-American, Hispanic, minority, or families in poverty than the state percentage.
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ity/low-income populations) to the state-average data (Table 1) ; each US commercial reactor constituted a replicate (N ϭ 104). Based on t-tests and census data, nuclearrelated, zip-code-scale EIJ (EIJA/EIJH/EIJM/EIJP) is not obvious, at least not on a national scale ( Table 2 ). Concerned that geographical dilution could cause the apparent absence of reactor-related, zip-code-scale EIJ (because including more-distant, less-affected population areas often tends to dilute apparent-EIJ effects, as may have occurred with SNOC criterion (1)), 31 we repeated the same paired t-tests, at a closer-to-facility, census-tract scale (Table 3) . These census-tract-scale data likewise showed no obvious national EIJA, EIJH, EIJM, or EIJP ( Table 4) .
Regional-scale evidence regarding nuclear-sitingrelated EIJ
Because many more potential nuclear-EIJ sites are located in the southeastern United States (Tables 1, 3) , we also analyzed zip-code data by region ( (Fig. 1) ; no EIJA, EIJH, or EIJM are obvious. However, Table 5 shows that, given the caveat that year-2000 census-data demographics accurately represent demographics at the time of reactor siting, at least in southeastern United States, zip-code-scale data and t-tests suggest that commercial, reactor-sitingrelated EIJP has a 77-percent likelihood of not being due merely to chance (p ϭ 0.23). Even more important results are that, given the preceding caveat, more sensitive zipcode and z-test data show that in the Southeast, commercial, reactor-siting-related EIJP has greater-than-99-percent likelihood of not being due merely to chance (p Ͻ 0.001) ( Table 5 ).
However, statistically significant, reactor-related EIJP does not appear to occur at the census-tract scale in the Southeast, and no instance of EIJ was evident at the censustract scale within any region (Table 6 ). Although further research is needed to clarify these census-tract data, their not revealing apparent EIJ may result from the fact that, as the US Census Bureau puts it, census tracts "are designed to be homogenous with respect to population characteristics, economic status and living conditions." 37 Drawing census-tract boundaries so as to ensure homogeneity would make EIJ (and its associated racial or economic heterogeneities and inequities) less likely to appear at the census-tract scale. Nevertheless, the census-tract results are interesting because EIJ typically is more evident at a closer-to-facility (census-tract) scale than at a larger scale. In this analysis, EIJP appears only at the larger zip-code scale.
Interestingly, over 36 percent of US nuclear reactors are located in the Southeast, 25 percent in the Northeast, 23 percent in the Midwest, and 15 percent in the West. However, census data show that the Southeast contains only about 26 percent of US population, while the Northeast has 23 percent; the Midwest, 19 percent; and the West, 31 percent. Given the preceding caveat, if the percentage of commercial reactors in each region were proportional to its population, we would expect to find only 26 (not 36) percent of reactors in the Southeast. This means the number of Southeast reactors is 38 percent greater than expected-a disproportionately high percentage of commercial reactors, given the regional population and the preceding caveat. In comparison, reactor numbers are only 7 percent greater than expected in the Northeast and 19 percent greater in the Midwest. Reactor numbers are 52 percent less than expected in the West. The preceding data suggest that the Southeast may be bearing more of a nuclear-reactor burden than the rest of the nation.
CONCLUSIONS
The preceding discussion suggests that although census-tract-scale data indicate no obvious EIJA, EIJH, EIJM, or EIJP associated with US nuclear-reactor siting, perhaps because of the way census-tract boundaries are intentionally drawn, that is not the whole story. Given the preceding caveat that year-2000 census data reasonably estimate demographics at the time of reactor siting, zip-code-scale data and z-tests reveal apparent reactor- siting-related EIJP, affecting poverty-level people in the Southeast (p Ͻ 0.001). These EIJP findings are interesting, given much higherthan-expected numbers of commercial reactors, and a disproportionately higher percentage of both African-Americans and poverty-level populations, in the southeastern US than in other regions of the country. 38 These considerations suggest that future studies may need to consider both possible commercial-reactor-related, regional (southeastern) EIJ affecting African-American and poverty-level populations and EIJ that may have occurred at the time of reactor siting, as revealed in year-1960, -1970, -1980, and -1990 census data.
